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Since the phosphorus removal model for pre-dams was developed in the seventies and eighties of the last century, the
size of pre-dams was mostly optimised to achieve maximum annual orthophosphate elimination at optimum average
retention time of the water ﬂowing through. They usually have been operated entirely ﬁlled all the time. At the
Forchheim pre-dam (FPD; Saxony, Germany), technical measures allow adapting its ﬁlling (i.e. retention time)
depending on discharge and turbidity of the inﬂow. FPD is kept partially ﬁlled in periods with low ﬂow rates. In case of
high discharge and turbidity, FPD automatically ﬁlls up and the residence time of the water on the rising limb of ﬂoods
carrying the highest loads of nutrients, suspended particulate matter (SPM) and substances associated to them is
prolonged accordingly. The inﬂuence of the modiﬁed operation of FPD on the turbidity elimination was studied from
2003 until 2006. It was shown by means of a model that the SPM retention during ﬂoods directly depends on (i) the
ratio of the volume difference between complete ﬁlling and reduced storage level and the intensity and duration of the
ﬂoods, (ii) the mode of operation, (iii) the stratiﬁcation and mixing conditions in the pre-dam, and (iv) the speciﬁc
settling velocity of the SPM imported. The estimated outﬂowing total SPM loads of the scenarios assuming partial
ﬁlling at the start of the calculations were always lower than those of the respective scenarios considering permanent
complete ﬁlling of the pre-dam. This indicates that adapting the ﬁll level of pre-dams may successfully be applied to
reduce SPM load into the main reservoir.
r 2008 Elsevier GmbH. All rights reserved.
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Compared to natural lakes, dams are characterised by
relatively short retention times of several days or weeks
(e.g. hydropower dams) up to about 1 year (typical for
drinking water reservoirs; Uhlmann and Horn, 2006).
Often, small pre-basins upstream the mouths of thee front matter r 2008 Elsevier GmbH. All rights reserved.
no.2008.07.001
ing author.
ess: Lothar.Paul@tu-dresden.de (L. Paul).reservoir’s tributaries were constructed. They originally
were mainly considered as sedimentation basins redu-
cing the import of coarse particulate matter into the
downstream reservoir and minimising its siltation.
Additional positive pre-basin effects like the prevention
of hydraulic short circuits of the inﬂowing water in the
main basin, the transformation of dissolved into
particulate nutrients and the reduction of the number
of hygienically relevant particles such as coliform
bacteria were observed soon (e.g. Hummel, 1955; Grim,
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pre-basins on the water quality of reservoir inﬂows were
carried out (Klapper, 1957; Hedlich, 1965; Beuschold,
1966; Hoffmann, 1968; Uhlmann, 1968; Both, 1969).
Great attention was paid to the elimination of phos-
phorus, especially soluble reactive phosphorus (SRP)
being the key factor of eutrophication in most waters.
Based on the results of these studies, a phosphorus
removal model for pre-dams (PRM) was developed
(Benndorf, 1973; Benndorf et al., 1975; Benndorf and
Pu¨tz, 1976) and introduced as a technical standard in the
former German Democratic Republic (TGL 27885/02,
1983). The PRM was completed later on by a module
considering heavily loaded pre-dams (Uhlmann and
Benndorf, 1980) and an estimation scheme of the
average annual elimination of inorganic nitrogen
(Benndorf and Pu¨tz, 1987a). The PRM can also be used
for the determination of the optimum pre-dam volume
assuring maximum annual SRP elimination rates
(Benndorf and Pu¨tz, 1987b). Paul et al. (1998) have
shown that pre-dam effects can be achieved in the head
of a stably stratiﬁed reservoir by separating the water
volume using an overﬂown submerged ﬂexible curtain.
The state of the art of functioning, dimensioning and
operation of pre-dams was recently recapitulated
(DWA, 2005). Four types of pre-dams were deﬁned
according to their main purpose: Type I – Pre-dams for the abatement of a reservoir’s
eutrophication primarily optimised with respect to
the SRP elimination; Type II – Pre-dams to primarily reduce the nitrate
import into the reservoir due to hygienic motivation; Type III – Pre-dams with the main purpose of
turbidity reduction; Type IV – Pre-dams preferential for the elimination
of germs and parasites.
While pre-dams of type I require optimum retention
times (Benndorf and Pu¨tz, 1987a, b) high elimination
effects of the other types are expected at long
(maximum) residence times. However, very high water
renewals due to ﬂoods are generally problematic
irrespective of the type of a pre-dam. Moreover, the
real retention time of the water ﬂowing through a
thermally stratiﬁed pre-dam is frequently much shorter
than the theoretical one due to hydraulic jets and
hydraulic short circuiting between inﬂow and outﬂow in
the case of ﬂoods (Clasen and Bernhardt, 1983; Kenney,
1990). The annual mass ﬂow of a reservoir’s tributary
mainly depends on a relatively small number of ﬂood
events, whatever substance is considered (Vanni et al.,
2001).
A number of pre-dams were built in the 1970s and
1980s in Germany according to the TGL 27885/02 when
P loading still was very high and the abatement ofeutrophication was of primary interest. Since then, the
SRP export particularly from settlements was consider-
ably reduced after 1990 (e.g. Paul et al., 2000) and the
nitrate leaching from farmland diminished as well (Pu¨tz
et al., 2002). Consequently, the control of allochthonous
suspended particulate matter (SPM) became more
relevant for the raw water quality of drinking water
reservoirs. High mineral turbidity may cause severe
problems at the raw water treatment. Furthermore,
most P-import into lakes and reservoirs occurs as
particulate phosphorus during ﬂoods (Vanni et al.,
2001; Fulweiler and Nixon, 2005; Ellison and Brett,
2006). The bioavailability of allochthonous particulate
phosphorus varies widely (Viner, 1982; Ellison and
Brett, 2006) and increases considerably after the early
diagenesis in lake sediments (Pacini and Ga¨chter, 1999).
Aquatic herbicides and other organic radicals may be
adsorbed to SPM (Bowmer, 1982; Melack, 1985).
Microorganisms attached to particles enter rivers and
lakes from ﬂoodplains, particularly at high ﬂow rates
(Melack, 1985; Karrasch et al., 2003). Thus, a pre-dam’s
efﬁciency retaining SPM and associated substances
strongly depends on its ability to especially control high
discharges carrying high loads of suspensoids.
It is generally accepted that the retention of nutrients
and SPM in lakes and reservoirs rises with increasing
hydraulic residence time (Kronvang et al., 2004).
Consequently, one would expect the highest elimination
rates to be achieved if a pre-dam is permanently
operated at full storage level. However, keeping in mind
the characteristic range of the retention time of pre-
dams (several hours in case of ﬂoods up to a few weeks
in dry periods), the following considerations indicate
that the operational adaptation of a pre-dams storage
level to the discharge conditions may improve the SPM
retention:1. A pre-dam slightly loaded with SRP is operated at
reduced storage level hp when both discharge Qin and
allochthonous SPM concentration in the inﬂow are
below certain limits. Based on the RPM, hp and the
threshold of Qin are determined in such a way that the
SRP elimination does not fall below acceptable limits.
Thus, although the theoretical retention time is lower
compared to the completely ﬁlled pre-dam, the
elimination of allochthonous SPM should only
insigniﬁcantly be reduced in those phases.2. When the inﬂow Qin and the SPM concentration in
the inlet and outlet of the pre-dam exceed certain
limits in case of a ﬂood (time t1), the outﬂow Qout of
the pre-dam will be reduced to a very low minimum
(just to prevent the downstream river from falling
dry) until the pre-dam is completely ﬁlled up and
ﬂows over (time t2). The water on the rising limb of
the ﬂood with the highest SPM concentrations is at
least partially stored in the pre-dam (depending on
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period t1t2, the retention time is higher and the
SPM load ﬂowing out of the pre-dam is considerably
lower compared to the situation when the pre-dam
would be entirely ﬁlled and Qout would always be
identical to Qin.3.Fig. 1. Above: Location of Forchheim pre-dam (FPD)
situated about 700m upstream of the mouth of the Haselbach
into the Saidenbach Reservoir. The natural discharge of theAfter Qin and the SPM concentration in the outﬂow
fall below deﬁned limits (time t3), the ﬁll level of the
pre-dam is successively reduced until reaching hp
again (time t4). The outﬂow Qout is higher than the
inﬂow Qin in the period between t3 and t4. Thus, the
SPM load ﬂowing out is higher in this interval
compared to the completely ﬁlled pre-dam. However,
a positive net effect can be expected if the load
retained between t1 and t2 is higher than the load
between t3 and t4.
Such a management scheme was realised for the ﬁrst
Haselbach can considerably be boosted by water transferred
from the Do¨rnthaler Teich (DT), which is part of a system of
artiﬁcial canals and tunnels (Revierwasserlaufanstalt, RWA)
and fed by the Rauschenbach Reservoir (not shown) located
outside the natural drainage basin of the Saidenbach
Reservoir. Below: Aerial photograph of FPD (Basiskarte
Sachsenr Landesvermessungsamt Sachsen 2008) with reduced
storage level and the position of the sampling points (A – inlet,
B – below the bottom sill (rock ﬁll), C – inside FPD near the
deepest point, D – outﬂow). The shoreline of the entirely ﬁlled
FPD is marked by a white line.time at the Forchheim pre-dam (FPD) in Saxony
(Germany). Limnological investigations with special
emphasis on the nutrient and turbidity elimination were
carried out from 2003 to 2006. In this paper, the effects
of the modiﬁed pre-dam operation on the retention of
SPM are described. It will be shown by a model applied
to the well-documented snowmelt event in 2005, how
different factors (e.g. mode of pre-dam operation, SPM
settling velocity, thermal stratiﬁcation and inﬂow depth)
inﬂuence the SPM elimination rate. A second paper is
under preparation, which will focus on the nutrient
elimination (SRP, total phosphorus, nitrate, dissolved
silicate) and compare the results with those observed in
the years before when FPD was operated entirely ﬁlled
(Paul, 2003).
Study site
FPD is situated upstream of the mouth of one of the
main tributaries of the Saidenbach Reservoir, the
Haselbach (Fig. 1), and was taken into operation in
1983. It was constructed under consideration of the
interrelationships between water residence time, P
loading and P elimination described by the PRM
(Benndorf and Pu¨tz, 1987a, b) to achieve optimum
annual SRP elimination. The drainage area of FPD
amounts to 26 km2 (about 70% farmland, 20% forests,
10% settlements and roads). About 1200 inhabitants
live in two settlements upstream FPD. The basic
morphometric data of FPD are given in Table 1. Area
Ah (m
2) and volume Vh (m
3) depend on the surface
elevation h (m a.s.l.) as follows:
Ah ¼ 122; 760 1
468:5 h
10:7
 
, (1)
Vh ¼ 646; 000 1
468:5 h
10:7
 2
. (2)The high average daily discharge of 61,022m3 d1 in the
past (1986–2000) was attributed to substantial addi-
tional water transfers from the Rauschenbach Reservoir
(situated outside the natural drainage basin of the
Saidenbach Reservoir) into the Haselbach via a system
of channels, connecting galleries, and larger artiﬁcial
ponds (RWA, Fig. 1). This transfer made up more than
60% of the Haselbach ﬂow rate on average and more
than 80% in dry periods. After 2000, the transfer was
more and more reduced and is planned to be discon-
tinued completely in future. Thus, the average theore-
tical retention time at complete ﬁlling of FPD is
expected to increase considerably, especially during
droughts. These facts as well as the intention to improve
the SPM retention were the main motivations to realise
technical measures that allow adapting the ﬁlling of
FPD to the discharge conditions. The spillway structure
was modiﬁed in such a way that the outﬂow of surface
water (the basic principle of pre-dam operation) is
guaranteed as well when the storage level is reduced. In
front of the originally existing spillway tower, a funnel
with a sliding lock-gate was installed. The vertical
position of the lock-gate (i.e. the ﬁll level of the pre-
dam) is computer-controlled, adapted on the basis of
online monitoring of discharge and turbidity in both
inﬂow and outﬂow.
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Table 1. Characteristic morphometric data of the entirely and partially ﬁlled Forchheim pre-dam (FPD)
Variable (unit) Symbol Entirely ﬁlled Partially ﬁlled
Surface elevation (m a.s.l.) h 468.0 464.2
Surface area (m2) A 120,000 69,000
Total volume (m3) V 588,000 228,000
Maximum depth (m) zmax 10 6
Theoretical mean depth (m) z¯ 4.9 3.3
L. Paul, K. Pu¨tz / Limnologica 38 (2008) 388–399 391An additional bottom sill (rock ﬁll) crosswise to the
ﬂow direction reaching up to about 1m below the
surface of the completely ﬁlled FPD was constructed
downstream of the mouth of the Haselbach inside FPD
shortly after it was taken into operation (Fig. 1). It
enhances the sedimentation of bed load and equalises
the ﬂow through the pre-dam (prevention of hydraulic
short circuits). When the surface level falls below the top
of the sill, the upstream part of FPD functions like a
‘‘pre-dam in the pre-dam’’. It is not completely leak-
proof and a certain amount of water may percolate
through the sill.Methods
Sampling and measurements were carried out weekly
or fortnightly at the inﬂow, the outﬂow of the bottom
sill, and the outlet of FPD (Fig. 1). Additionally,
vertical temperature- and turbidity-proﬁles were mea-
sured (each metre from the surface down to the bottom)
at a point near the dam of FPD during the ice-free
periods of the years 2003–2005. The SPM concentration
(mgL1 DW) was determined after ﬁltration of the
water samples through 0.45 mm membrane ﬁlters
and drying at 105 1C to constant weight. Water
temperature was measured with a WTW-sensor-device
(WTW, Weilheim), turbidity with the turbidity
meter TMS 200/H (SMTandHYBRID GmbH, Weißig).
The State Reservoirs Administration (LTV) mana-
ging and operating all reservoirs in Saxony provi-
ded data of the online short-term registration of
discharge, surface level and turbidity in the inﬂow and
outﬂow.
A simple model was developed with the objective of
demonstrating the effect of the modiﬁed pre-dam
operation on the retention of allochthonous SPM
during ﬂood events in comparison with the conventional
operation at full storage level. The total volume Vh of
the pre-dam (the index h refers to the surface elevation)
is subdivided into three layers: a bottom layer of
constant volume VB, the intermediate inﬂow layer VIN,
and the upper surface layer VU (volumes given in m
3).
Complete mixing within each layer is assumed. At the
beginning of the calculation (time t ¼ 0), VB,0 and VU,0
are determined depending on the actual thermalstratiﬁcation and the inﬂow depth z (m) and VIN,0 ¼ 0
is assumed:
VB;0 ¼ Vhz;0, (3)
VU;0 ¼ Vh;0  VB;0. (4)
The development of the layer volumes over time t (s) is
calculated in increments Dt (s) as follows:
Vh;t ¼ Vh;tDt þ DtðQin;t Qout;tÞ, (5)
VU;t ¼ VU;tDt  DtðQout;t þ kQin;tÞX0, (6)
VB;t ¼ VB;tDt ¼ VB;0, (7)
V IN;t ¼ Vh;t  VU;t  VB;t. (8)
Qin (m
3 s1) and Qout (m
3 s1) are inﬂow and outﬂow,
respectively. Entrainment of water from the upper layer
into the intermediate layer is simply considered as a
constant multiple k of Qin. The calculations start about
1 day before the ﬂood event (t ¼ 0). The volumes Vh and
Vhz are given by Eq. (2). The inﬂow layer spreads out
vertically upwards and successively pushes the water of
the upper layer over the spillway of the pre-dam.
The turbidity X (NTU) is taken as a proxy for the
SPM concentration. The turbidity XU of the upper layer
is considered to remain constant (XU,t ¼ XU,0). XB of
the bottom layer is not relevant for the consideration
and therefore not assessed. The turbidity XIN of the
inﬂow layer is calculated considering mixing and
settling:
X IN;t ¼
ðV IN;tDtX IN;tDt þ DtQin;tðX in;t þ kXU;tÞÞð1 DtA0;tvsÞ
V IN;t
,
(9)
with the turbidity Xin (NTU) in the inﬂowing water, the
settling velocity vs (m s
1), and the area A0;t ¼
152:74
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
V IN;t þ VB;t
p
(m2) of the threshold between
the inﬂow and upper layer (formula derived from Eqs.
(1) and (2)). Finally, the turbidity Xout is derived
as Xout,t ¼ XU,t as long as VU,t40, otherwise
Xout,t ¼ XIN,t.
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Hydrological conditions
During large parts of the years studied, the discharge
through FPD was signiﬁcantly lower than the average
monthly Qmm during the period between 1986 and 2000
(Fig. 2) due to the reduction of the RWA water transfer.
Extremely low discharges were recorded in the summer
of 2003. It was a very dry and warm year with an annual
precipitation measured directly at the Saidenbach
Reservoir of only about 70% related to the long-term
mean from 1975 to 2006. Consequently, very high
theoretical retention times were observed from June up
to the end of 2003 although FPD was almost constantly
operated at reduced storage level. In 2004, the ﬁll level
regulation did not yet operate properly. Therefore, the
storage level varied in a relatively narrow range and
short retention times were observed during phases with
high discharge in May and November. Since January
2005, the automatic regulation of FPD ﬁll level worked
well. High water masses were captured in the pre-dam
during ﬂood events in January, February, and March as
indicated by sharp increases of the surface level (Fig. 2).
In the latter case, the discharge was so strong that the
lock-gate moved up to its highest possible position and
FPD was ﬁnally ﬂowing over for some time. TheFig. 2. Discharge compared to the long term (1986–2000)
monthly means Qmm, ﬁll level, and theoretical retention time
(compared to theoretical monthly means V0/Qmm, where V0 is
the volume of the entirely ﬁlled Forchheim pre-dam (FPD) in
the years studied.theoretical residence time fell shortly below the char-
acteristic monthly averages. From the end of May till
August 2005, the lock-gate frequently slid up and down
as a consequence of ﬂuctuating ﬂow rates related to
changing RWA water transfers.
The winter of 2006 was cold, long, and snow-rich. It
ended sharply in the end of March with a sudden
temperature increase and a high ﬂood. FPD ﬁlled up
quickly and high water quantities were ﬂowing over.
The retention time fell considerably in the end of March
although the pre-dam was completely ﬁlled. In the rest
of the year, the ﬁll level ﬂuctuated little due to low ﬂow
rates.
Water temperature
FPD considerably inﬂuences the temperature regime
of the Haselbach (Fig. 3). The temperature difference
DT ¼ ToutTin showed a seasonal pattern. In phases
with warm weather and long residence times in summer,
the surface layer of FPD heated up quickly. Differences
DT of more than 5K were found in longer periods in
2003, 2004, and 2006.
During the summers of 2003, 2004, and 2005, vertical
temperature-proﬁles near the dam of FPD were
measured. Although the pre-dam’s ﬁlling was mostly
reduced and the average depth is only 3.3m under these
conditions, FPD was stably stratiﬁed between May and
September as indicated by the temperature differences
between surface (identical with outﬂow) and the depths
of 4 and 6m (Fig. 3). The summer inﬂow temperature
frequently was nearly as high as the temperature in the
depth of 4m. However, from measurements at station B
(see Fig. 1) it becomes clear that the temperature at this
point was already obviously increased unless the
discharge was high.
Turbidity
The turbidity Xin in the Haselbach scattered consider-
ably (Fig. 4). It was low under normal and steady ﬂow
conditions but increased sharply when the dischargeFig. 3. Water temperature in the inﬂow (IN) and outﬂow
(OUT) in the years 2003–2006 as well as in the depths of 4 and
6m of Forchheim pre-dam (FPD) during the summer
stagnation periods 2003–2005.
ARTICLE IN PRESS
Fig. 4. Development of the turbidity in the inﬂow (IN) and
outﬂow (OUT) of Forchheim pre-dam (FPD) during the
investigation period.
Fig. 5. Turbidity versus SPM concentration for the inﬂow (IN)
and the outﬂow (OUTw – months December–April, OUTs –
months May–November) of Forchheim pre-dam (FPD).
Fig. 6. Above: Development of inﬂow Qin, outﬂow Qout, and
ﬁll level FL during the snowmelt in spring 2005 (March
16–April 19). Below: Measured turbidity (TBin, TBout) and
temperature (Tin, Tout) in the inﬂow and outﬂow of Forchheim
pre-dam (FPD), respectively.
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less and the maxima were lower than in the inﬂow. From
July to November 2003 and September to November
2005, Xout was evidently higher than Xin. The opposite
was mostly observed in the summer 2004 and in the
winter 2006. Neither Xout nor the difference XinXout
correlated with the discharge.
Based on log-transformed data, the regression analy-
sis between Xin and Xout and the SPM concentrations
Cin and Cout (mgL
1 DW), respectively, resulted in the
following expressions (Fig. 5):
X in ¼ 1:337C0:843in ; r2 ¼ 0:88
ðn ¼ 88; Cino200mgL1DWÞ. (10)
Months December–April:
Xout ¼ 2:075C0:841out ; r2 ¼ 0:77
ðn ¼ 49; Couto20mgL1DWÞ. (11)
Months May–November:
Xout ¼ 2:512C0:58out ; r2 ¼ 0:54
ðn ¼ 39; Couto10mgL1DWÞ. (12)
The interrelationships between Xout and Cout differed
seasonally (Eqs. (11) and (12)) indicating changing
properties of the outﬂowing particles.
The efﬁciency of FPD to reduce the load of SPM
primarily depends on its retention capacity in periods with
high run-off. While there was a tendency of higher turbidity
values at higher discharges (but no signiﬁcant correlation
between ﬂow rate and turbidity), maximum turbidity was
measured at suddenly increasing, but still moderate ﬂow
rates after longer dry periods. This is illustrated by the
results observed during the snowmelts in 2005 and 2006
(Figs. 6 and 7). Unfortunately, the measuring range of the
turbidity meter in the inﬂow of FPD was restricted to
100NTU. Even though the maximum turbidity was not
registered, the functional principles of the SPM retention in
the pre-dam can clearly be shown.
The basic course of the events was similar in both
years: Snowmelt due to strong warming and simulta-
neous raining increased the discharge Qin and theturbidity Xin in the inﬂow massively (March 17, 2005,
March 26, 2006). Xin showed strong hysteresis. Xin on the rising limb of
the ﬂoods was much higher than on the falling limb at
the same Qin. Diurnal Xin- and Qin-ﬂuctuations (low values at
night and in the early morning, high values later
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Fig. 7. Same as Fig. 6, but for the snowmelt in 2006 (March
24–April 16, temperatures Tin and Tout not available).
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snowmelts and are typical for days with diurnal air
temperature variation around the freezing point. The lock-gate was controlled depending on inﬂow
characteristics. Just after the onset of the ﬂood, the
Qin- and Xin-limits were exceeded and the lock-gate-up-
command was set. FPD ﬁlled up within about 1.5 (2005) or 2 days
(2006). During this time, the outﬂow Qout was very
low (ca. 0.01m3 s1). FPD was kept fully ﬁlled for more than 3 weeks in
2005 and almost 8 days in 2006. Qin and Qout were
identical in these periods. Within the following 8
days, more water was released from FPD than
ﬂowing in until the reduced ﬁll level was reached
again. The increase of the turbidity Xout in the outﬂow
was delayed relative to the beginning of the ﬂoods
(about 32 h in 2005 and 20 h in 2006). The Xout maxima (35 and 32NTU, respectively) were
much lower than the turbidity in the inﬂow and were
registered approximately at or shortly after Qin was at
its maximum. Xout subsequently fell within about 1
week although Xin was still higher.The most remarkable differences between both years
are the much higher Qin-maximum, the longer duration
and the considerable higher volume of the ﬂood in 2006
due to the extraordinary snow depth in the end of the
winter. Thus, the highest turbidity both in the inﬂow
and in the outﬂow was registered several days after FPDhad completely ﬁlled up in 2006, while they were
observed at almost the same time in 2005. Finally, the
SPM load was much higher during the snowmelt in
2006.
Based on the inﬂow and outﬂow ‘‘turbidity loads’’ for
the time periods depicted in Figs. 6 and 7, turbidity
elimination rates of 66% in 2005 and 73% in 2006 were
determined. Assumed that the inverse correlations of
Eqs. (10) and (11) are applicable for both events, seston
elimination rates of more than 80% are estimated. In
reality, however, the SPM retention was probably even
higher, particularly in 2006 when the maximum inﬂow
turbidity was considerably exceeding the upper limit of
the turbidity meter’s measuring range.
The model described by Eqs. (3)–(9) was applied to
the 2005 snowmelt depicted in Fig. 6. The two Xin-peaks
exceeding 100NTU were estimated by cubic splines
resulting in maxima of 122 and 132NTU, respectively.
A near-bottom underﬂow has most likely been formed
at the beginning of the ﬂood in 2005 as indicated by the
water temperatures recorded in the inﬂow and outﬂow
of FPD (Fig. 6) and taking into account the inﬂuence
of SPM on the water density. Thus, z ¼ zmax and
VB,t ¼ VB,0 ¼ 0 were assumed.
In accordance with the observed settings, the lock-
gate-up-command was activated at 03/17/05 03:30 p.m.
(time t1) when Qin and Xin exceeded 0.9m
3 s1 and
20NTU, respectively. Qout was reduced to 0.01m
3 s1
until FPD started to ﬂow over (time t2). The lock-gate-
down-command was given at 04/10/05 00:00 h (time t3)
and the outﬂow was set to Qout ¼ 2Qin until the reduced
ﬁll level was reached again (time t4). The observed
development of the turbidity Xout in the outﬂow
could satisfactorily be modelled with Dt ¼ 3600 s,
h0 ¼ 464.5m a.s.l., hmax ¼ 468.0m a.s.l., XU,t ¼ XU,0 ¼
3NTU, k ¼ 0.65, and the following dependency of the
settling velocity vs (m d
1) on the turbidity XIN (NTU)
in the inﬂow layer (Fig. 8):
vs ¼ 0:62X 0:58IN . (13)
The parameters of Eq. (13) were determined by
optimisation. Based on the inverse correlations of
Eqs. (10) and (11), the inﬂowing and outﬂowing SPM
loads (g s1 DW, see Fig. 8 for outﬂow) were estimated.
The calculated total SPM loads for the inﬂow and
outﬂow in the time interval considered were 75.5
and 11.6 tDW, respectively. The constellation described
is considered as the standard scenario S0p. Other
scenarios were modelled by varying the ﬁll level at the
start of the snow melt, the trigger for the lock-gate-up
command, the inﬂow depth or the mixing intensity or
the settling velocity according to speciﬁcations given in
Table 2.
The model results show that the estimated outﬂowing
total SPM loads of the scenarios assuming partial ﬁlling
at the start of the calculations (ending with p) were
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Fig. 8. Comparison of the model results for the scenarios S0p
and S0f. Above: Turbidity Xout in the outﬂow (obs – measured,
to be compared with S0p). Below: Estimated outﬂowing SPM
load. Periods t1t2 (ﬁlling) and t3t4 (draining) refer to
scenario S0p.
Table 2. Deﬁnition of the simulation scenarios (p and f
denote scenarios with Forchheim predam (FPD) being
partially or completely ﬁlled at t0, respectively)
Scenario h0 z k vs-factor Command Lout Elim
S0p 464.5 zmax 0.65 1 Qin+Xin 11.6 84.6
S0f 468.0 zmax 0.65 1 12.3 83.7
S1p 464.5 zmax 0.65 1 Qin+Xin+Xout 10.2 86.5
S2p 464.5 4m 0.65 1 Qin+Xin+Xout 10.5 86.1
S2f 468.0 4m 0.65 1 13.7 81.9
S3p 464.5 zmax 1.30 1 Qin+Xin+Xout 10.8 85.7
S3f 468.0 zmax 1.30 1 14.0 81.5
S4p 464.5 zmax 0.65 0.5 Qin+Xin+Xout 17.4 77.0
S4f 468.0 zmax 0.65 0.5 19.7 73.9
S5p 466.0 zmax 0.65 1 Qin+Xin+Xout 10.9 85.6
h0 – ﬁll level at start of the ﬂood event, z – inﬂow depth, k – intensity of
mixing of the inﬂow with the water in the pre-dam, vs-factor – factor
with which the settling velocity vs calculated by Eq. (13) is multiplied,
Command – variables whose limits must be exceeded to generate the
lock-gate-up-command.
Results of the calculations are given as Lout – total outﬂowing SPM
load (tDW), and Elim – total SPM retention (%).
L. Paul, K. Pu¨tz / Limnologica 38 (2008) 388–399 395lower than those of the respective scenarios considering
permanent complete ﬁlling of FPD (ending with f;
Table 2). The highest SPM retention of 86.5% was
calculated for scenario S1p, the lowest one of 73.9% for
scenario S4f.Discussion
Water temperature
The thermal structure of the pre-dam affects the
inﬂow depth and the real retention time of the tributary
water, which is of strong impact on the elimination of
SPM. In the period from November till March, the
vertical temperature difference in FPD is usually low
(Fig. 3) and the inﬂow depth may vary considerably
within short time intervals. During ﬂoods, however, the
density of the inﬂowing water increases signiﬁcantly due
to the high concentration of SPM. It can be shown easily
that the density of water increases by about 0.06 kgm3
if the SPM concentration increases by 100mgL1 and
mineral particles with a density of 2.5 g cm3 are
considered (Pharo and Carmack, 1979). This is equiva-
lent to the density difference of pure water at
temperatures of 4 1C and 1.3 1C or 6.7 1C, respectively.
Hence, underﬂow has most likely to be taken into
account at such events in this time of year.
The temperatures of the Haselbach at station A and in
the depth of 4m in FPD at station C developed similarly
during the summer stratiﬁcation (Fig. 3). Therefore,
mostly metalimnetic inﬂow could be supposed in the
summer months. However, measurements at the outﬂow
of the bottom sill (station B, Fig. 1) evidently showed
that the inﬂow temperature had signiﬁcantly increased
at this point already. There is always a certain leakage
through the rock ﬁll sill and the surface of the main
basin is below its base when FPD is operated partially
ﬁlled. Nevertheless, the head of FPD separated by the
sill never fell dry and not even the surface was
signiﬁcantly lowered in phases of low discharge. Thus,
the warmed-up inﬂowing water stabilised the existing
thermal stratiﬁcation in FPD and entered predomi-
nantly the epilimnetic water layers in the main pre-dam
basin under normal ﬂow conditions. Floods, however,
passed the small basin separated by the sill within a
very short time and the increase of the inﬂow
temperature Tin was negligible. During those events in
summer (e.g. thunder storms), the air temperature and
Tin usually decrease signiﬁcantly and the inﬂow water
density is raised by the high SPM concentration.
Consequently, the inﬂow depth is higher and metalim-
netic inﬂow into FPD is more likely at high discharges.Turbidity
Turbidity measurements proved to be a good
substitute for direct determinations of the SPM con-
centration, especially during storm events (Gippel, 1995;
Kronvang et al., 1997). However, the relationship
between turbidity and SPM concentration is potentially
confounded by variations in particle size, particle
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such correlations are water speciﬁc and may even vary
seasonally. The different correlations between turbidity
and SPM concentration for the inﬂow and outﬂow
(Fig. 5) show that the suspensoids ﬂowing into FPD
cause a lower turbidity per unit dry weight than the
particles ﬂowing out. This is due to the settling of
coarser particles in FPD and the higher relative share of
smaller, more intensively light scattering particles in the
outﬂow. The seasonally different interrelationships
between Xout and Cout (Eqs. (11) and (12)) indicate the
diverse impact of larger but lighter particles (phyto-
plankton cells) on the SPM concentration during the
annual cycle. The dominance of phytoplankton is most
obvious in summer phases with low and steady
discharge and higher turbidity in the outﬂow of FPD
than in the inﬂux (Fig. 4).
The non-existence of trivial signiﬁcant statistical
correlations between ﬂow rate and turbidity or SPM
concentration is attributed to the distinct hysteresis of
both variables (visible in Figs. 6 and 7). Short-term
registrations and sampling (e.g. with automatic sam-
plers) instead of infrequent discrete measurements and
complex multiple regression analysis considering the
discharge history, the intensity and volume of ﬂoods and
other variables are necessary for an adequate under-
standing of the processes and for reliable mass-ﬂow
calculations (e.g. Kronvang et al., 1997; for particulate
nutrients see also Vanni et al., 2001).
Generally, it has to be stated that the SPM retention
in FPD is obviously very high. More than 80% of the
seston load was eliminated during the snowmelt events
in 2005 and 2006 although the retention times were
relatively low. This is attributed to the high settling
velocity of the SPM eroded from farmland, which
obviously consists primarily of mineral particles of high
density. The settling velocity was nonlinearly correlated
with turbidity (Eq. (13)) indicating changing shares of
particles of different size in the SPM at different
turbidity. The same functional type was used by Mehta
(1986) ﬁtting the settling velocity of mineral mud versus
the SPM concentration.
The turbidity in the outﬂow was always considerably
lower than in the inﬂow, even on the falling limb of the
ﬂoods, which is different from many other pre-dams,
especially those located in forested catchments (LTV,
unpublished). Different geo-morphological structures
and land cover/land use of the catchment basins
obviously do not only inﬂuence the elemental composi-
tion (e.g. nutrient content) and particle size of the
eroded SPM (Fulweiler and Nixon, 2005; Ellison and
Brett, 2006) but also its speciﬁc settling properties and,
therefore, the SPM retention of pre-dams.
The improvement of the SPM retention during ﬂoods
was the reservoir administration’s main motivation to
install technical measures allowing a dynamic storagelevel regulation in FPD. However, it is not quite easy to
show on the basis of observations that this expectation
was fulﬁlled. Floods are never completely identical and
the effects of the modiﬁed pre-dam operation cannot be
shown by comparing events observed before and after,
especially considering that short-term registrations of
discharge and turbidity in the inﬂow and outﬂow were
not available for the past years, which are essential for
such considerations. Thus, a simple model was deve-
loped and applied upon the 2005 snowmelt. It could be
shown that the dynamic operation of FPD has indeed
improved the SPM retention. However, scenario ana-
lyses showed that the magnitude of the effects depends
on many factors (see Table 2):1. Mode of operation: The lock-gate-up-command was
generated after discharge and turbidity in the inﬂow
exceeded the given limits (scenario S0p). At this time,
the turbidity in the outﬂow was still low and
increased shortly before FPD was entirely ﬁlled and
started to ﬂow over (Figs. 6 and 8) because of the
deep inﬂow depth. Thus, the increase of the SPM
retention was low (6%) compared to FPD operated
entirely ﬁlled (scenario S0f). The maximum SPM
retention of 86.5% would have been achieved if the
ﬁlling command had been given when the turbidity
really reached the outﬂow (scenario S1p).2. Inﬂow depth: According to the temperature (density)
conditions of the inﬂow and in FPD, underﬂow had
to be taken into account during the ﬁrst days of the
ﬂood generated by the snowmelt in March 2005. If a
typical summer stratiﬁcation with an inﬂow depth of
4m is assumed, the outﬂowing SPM load would even
be lower by 23% if the pre-dam’s storage level is
adjusted to the discharge conditions (scenario S2p)
instead of the constant operation at full storage level
(scenario S2f). However, the SPM retention for the
interﬂow scenarios (S2p, S2f) were lower compared to
the respective underﬂow scenarios (S1p, S0f).3. Mixing conditions: The doubling of the mixing
between inﬂowing water and water in the upper layer
of the pre-dam resulted in a lower elimination of
SPM (S3p and S3f compared with S1p and S0f,
respectively). However, the estimated SPM retention
in the case of the dynamic ﬁll level operation
(scenario S3p) was 23% higher compared to the full
storage level operation (scenario S3f).4. SPM settling properties: The reduction of vs by 50%
(scenarios S4p and S4f) most clearly decreased the
SPM retention compared to the scenarios S1p and
S0f. Nevertheless, there was still a positive effect of
12% in the case of the dynamic ﬁll level operation
(scenario S4p) compared to the conventional opera-
tion of FPD (scenario S4f).5. Volume difference DV between complete ﬁlling and
reduced storage level: It is plausible that the effect of the
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tion directly depends on DV. The reduction of DV from
about 340,000m3 (h0 ¼ 464.5m a.s.l.) to ca. 217,000m3
(h0 ¼ 466m a.s.l.) resulted in a lower SPM retention
(85.6% for S5p versus 86.5% for S1p). Again, however,
the variable ﬁll level operation (scenario S5p) shows a
better effect (11%) than the conventional one (scenario
S0f) under these circumstances. It is logical as well that
the relative effect of the variable storage level operation
on the SPM elimination is lower if DV is considerably
smaller than the sum of the discharges on the rising
limb of the ﬂood (as e.g. during the 2006 snowmelt).
Long-term records of the Haselbach discharge show
that such circumstances rarely occur in FPD.
To sum up, it can be stated in general that a lower
inﬂow depth, a higher mixing of the inﬂowing water into
the upper (epilimnetic) layer, and in particular a lower
settling velocity of the particles imported diminish the
SPM retention in a pre-dam. The alignment of the storage
level with the discharge conditions improves the SPM
retention (and the elimination of substances associated
with it) of FPD during ﬂoods due to the favourable
settling properties of the particles imported and an
adequate volume difference between complete ﬁlling and
reduced ﬁll level. Within the last years, the dynamic
storage level regulation was realised at a number of
further pre-dams in Saxony (Gottleuba, Scho¨nheiderham-
mer, Klingenberg) and Thuringia (Deesbach).Conclusions
The decision to install technical measures allowing a
dynamic storage level regulation in FPD depending on
quantity and quality of the discharge was based on the
considerations that: The Haselbach SRP import into the Saidenbach
Reservoir is uncritical since the external P loading
diminished considerably due to the dramatic decrease
of the inﬂow SRP concentrations after 1990 and the
reduction of the discharge by more than 50% on
average due to the suspension of the water transfer
from the RWA system. The reduction of the ﬁll level and the retention time
during phases of low discharge and, therefore, very
low SPM import into FPD does not or insigniﬁcantly
diminish the nutrient and SPM elimination. The extension of the residence time during the ﬁlling
of FPD in cases of ﬂoods carrying high SPM loads
would improve the SPM retention compared to the
permanently ﬁlled pre-dam.
The results of the investigations carried out between
2003 and 2006 at FPD conﬁrm the expectations to a
large extent.FPD effectively reduces the turbidity of the water
ﬂowing through. More than 80% of the SPM load was
retained during the snowmelt ﬂoods in the years 2005
and 2006. It was shown by means of a model that the
improvement of the SPM retention as consequence of
the dynamic storage level operation during ﬂoods
depends directly on (i) the ratio of the volume difference
between complete ﬁlling and reduced storage level
(‘‘ﬂood control volume’’) and the intensity and duration
of the ﬂoods, (ii) the mode of operation (start of ﬁlling
depending on inﬂow and/or outﬂow water quality),
(iii) the stratiﬁcation and mixing conditions in the pre-
dam, and (iv) the speciﬁc settling velocity of the SPM
imported.
Last not least, a partially ﬁlled pre-dam better allows
reacting on possible disasters in the drainage area
(e.g. discharge of noxious substances like liquid manure,
oil, or gasoline in case of accidents, etc.) and reducing
their consequences. The efﬂux of noxious substances can
be minimised and countermeasures initiated until the
pre-dam is entirely ﬁlled.
However, the applied measures also give rise to some
drawbacks. Vegetation will quickly develop on the
shores of a pre-dam operated partially ﬁlled most of
the time, which requires maintenance. Bed load that
deposits near the head of an entirely and constantly
ﬁlled basin will be transported deeper into the pre-dam,
unless a bottom sill exists as in FPD. Finally, the
realisation of the storage level regulation means giving
up which was considered as the greatest virtue of pre-
dams so far: the lack of any signiﬁcant management
requirements – pre-dams just ‘‘do their job’’. A
regulated pre-dam requires intensive management
and the devices monitoring discharge and water
quality must be maintained frequently to insure proper
functioning. A case-by-case evaluation is necessary
whether this raise in the management efforts is paid
off by the improvement of the SPM retention in case of
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